Bipolar disorder (BD) is characterized by mood swings between manic and depressive states. The etiology and pathogenesis of BD is unclear, but many of the affected cognitive domains, as well as neuroanatomical abnormalities, resemble symptoms and signs of small vessel disease. In small vessel disease, cerebrospinal fluid (CSF) markers reflecting damages in different cell types and subcellular structures of the brain have been established. Hence, we hypothesized that CSF markers related to small vessel disease may also be applicable as biomarkers for BD. To investigate this hypothesis, we sampled CSF from 133 patients with BD and 86 healthy controls. The concentrations of neurofilament light chain (NF-L), myelin basic protein (MBP), S100B, and heart-type fatty acid binding protein (H-FABP) were measured in CSF and analyzed in relation to diagnosis, clinical characteristics, and ongoing medications. Hereby we found an elevation of the marker of subcortical axonal damage, NF-L, in bipolar subjects. We also identified positive associations between NF-L and treatment with atypical antipsychotics, MBP and lamotrigine, and H-FABP and lithium. These findings indicate axonal damage as an underlying neuropathological component of bipolar disorder, although the clinical value of elevated NF-L remains to be validated in follow-up studies. The associations between current medications and CSF brain injury markers might aid in the understanding of both therapeutic and adverse effects of these drugs.
INTRODUCTION
Bipolar disorder (BD) is a chronic mood disorder characterized by mood swings between manic and depressive states (Belmaker, 2004) . BD affects B1-3% of the population (Merikangas et al, 2011) and entails high costs for the society and is associated with personal suffering, functional impairment, premature mortality, and higher risk for other psychiatric and medical disorders (Kupfer, 2005) . Because of the high recurrence risk, prophylactic maintenance therapy is the cornerstone of long-term management of BD. The first-line mood-stabilizing treatments include lithium, divalproex, olanzapine, and lamotrigine (the latter mainly for those with mild manias) (Yatham et al, 2009) . BD has also been coupled to cognitive impairment including reduced abilities in executive function and verbal memory (Martinez-Aran et al, 2000; Zarate et al, 2000; Martinez-Aran et al, 2005; Robinson et al, 2006; Sanchez-Moreno et al, 2009; Palsson et al, 2013) . Structural imaging studies have suggested that the decline in cognitive function is associated with morphological abnormalities of the brain (Altshuler et al, 1995; McDonald et al, 2004; Kempton et al, 2008; Konarski et al, 2008) , and that the number of manic episodes is associated with decreased gray matter in dorsolateral prefrontal cortex (Ekman et al, 2010) . The most frequent abnormal morphological findings are lateral ventricular enlargements and increased rates of deep white matter hyperintensities (Kempton et al, 2008; Beyer et al, 2009) . The association between white matter pathology and BD has been further supported by morphometric studies showing reductions in total white matter volumes (Strakowski et al, 1993; Kieseppa et al, 2003; Davis et al, 2004; Rosso et al, 2007) . Patients with cerebral small vessel disease share common features with bipolar patients such as poor performance on tests of executive function and processing speed, generalized brain atrophy as well as ventricular enlargement, blood brain barrier (BBB) dysfunction, and white matter changes in periventricular as well as in the deep white matter (Chui, 2007) . In small vessel disease, the periventricular lesions in particular have been associated with cognitive impairment and a decline in executive function and processing speed (Bolandzadeh et al, 2012) , whereas deep white matter changes have been associated with depressive symptoms (Krishnan et al, 2006) . The effects of cerebral small vessel disease have been characterized at the biochemical level by analyses of cerebrospinal fluid (CSF). Products found in CSF are thought to reflect some aspects of brain biochemistry and markers of brain injury may thus be established (Bjerke et al, 2011) . CSF markers have the potential to act as diagnostics tools but can also function as predictors for treatment response, side effects, and/or disease progression (Perlis, 2011) . In a previous study, we investigated a potential Alzheimer-like component of BD by analyzing established CSF markers for neurodegenerative disorders (T-tau, P-tau, and amyloid b), but observed no major differences between patients and controls (Jakobsson et al, 2013) . There are, however, other CSF markers that reflect other aspects of brain injuries such as white matter lesions and associated glial cell injury as well as neurodegenerative disease. These biomarkers include neurofilament light chain (NF-L), a marker of subcortical myelinated axons (Rosengren et al, 1996) ; myelin basic protein (MBP), a marker of oligodendrocytes (Olsson et al, 2011) ; the calcium-binding protein S100B, which is enriched in and might be secreted by astro-and oligodendrocytes (Schroeter et al, 2013) ; and heart-type fatty acid binding protein (H-FABP), which despite its name is a marker for cortical neurons (Pelsers et al, 2004) .
Based on the cognitive and morphological similarities between BD and cerebral small vessel disease, we hypothesized that CSF markers reflecting brain injury are altered in BD. To investigate this, we assessed the CSF concentrations of NF-L, MBP, S100B, and H-FABP in patients with BD and healthy controls. We also evaluated the results in relation to clinical characteristics and ongoing medication.
SUBJECTS AND METHODS

Study Population
Patients were recruited from the St Göran bipolar project, enrolling patients from the bipolar unit at the Northern Stockholm Psychiatric Clinic, Stockholm, Sweden. The work-up and diagnostic assessments have been described in detail previously (Ryden et al, 2009; Jakobsson et al, 2013) . The general criteria for inclusion were patients at least 18 years old and who met the Diagnostic and Statistical Manual of mental disorders (DSM)-IV criteria for BD type I, type II, cyclothymia, or not otherwise specified (NOS). Information was collected about age, gender, education, living condition, primary source of income, total number of episodes, duration of illness (defined as age at sampling minus age at first manic/hypomanic episode), body mass index (BMI), and history of psychosis. The severity of BD was rated using the Clinical Global Impression (CGI) rating scale and Global Assessment of Functioning (GAF). The CGI scale reflects the lifetime severity of BD using a 7-point scale: 1 ¼ normal or not at all ill, 2 ¼ borderline mentally ill, 3 ¼ mildly ill, 4 ¼ moderately ill, 5 ¼ markedly ill, 6 ¼ severely ill, and 7 ¼ extremely ill. GAF is a 100-point scale used by clinicians to rate the general functional capacity of patients in a social, occupational, and psychological perspective (100 ¼ superior functioning and 1 ¼ minimal functioning). A split version of GAF was used in this study, ie, GAF function (GAF-F) and GAF symptom (GAF-S). For ethical reasons, patients continued to take their prescribed medications at the time of CSF sampling. Age-and sexmatched healthy, population-based controls were randomly selected by Statistics Sweden (SCB) and contacted by mail. The inclusion criteria for the healthy controls have been described previously (Jakobsson et al, 2013) . The study was approved by the Regional Ethics Committee in Stockholm and conducted in accordance with the latest Helsinki Protocol. After complete description of the study, all enrolled patients and controls consented orally and in writing to participate in the study.
CSF Sampling
CSF sampling (lumbar puncture) was performed when the participants were in a stable euthymic mood. Subjects fasted overnight before the CSF collection that occurred between 0900 and 1000 h. The spinal needle was inserted into the L3/L4 or L4/L5 interspace and a total volume of 12 ml of the CSF was collected, gently inverted to avoid gradient effects, and divided into 1.0-1.6 ml aliquots that were stored at À 80 1C pending analysis. An identical procedure was performed for the controls. All samples in this study were thawed and refrozen once before analysis. The staff performing the lumbar puncture was not blind with respect to whether the test person was a patient or control.
Biomarker Analysis
NF-L was analyzed as previously described with a commercial ELISA assay (NF-light, UmanDiagnostis AB, Umeå, Sweden). S100B was determined by an electrochemoluminescence immunoassay using the Modular system and the S100 reagent kit (Elecsys S100, Roche Diagnostics, Penzberg, Germany). MBP (MBP ELISA, Beckman Coulter, Brea, CA) and H-FABP (Human H-FABP, Hycult Biotechnology, Uden, The Netherlands) were measured using commercially available ELISA assays. All analyses were performed following the instructions from the manufacturer. Intra-assay coefficients of variation were o10% for all assays. The laboratory technicians performing the analyses were blinded to patient identity.
Statistics
SPSS Statistics version 20 (IBM, Armonk, NY) was used in all statistical analyses. Data not showing normal distribution (as tested by one-sample Kolmogorov-Smirnov test) were log-transformed before parametric tests. Separate linear regressions (enter models) were used to analyze effects of age, gender, BMI, clinical characteristics, diagnosis, and current medications on CSF marker concentrations. All p-values are presented as two tailed and p-values of o0.05 were regarded as significant.
RESULTS
Patient-Control Comparisons
Demographics and clinical characteristics of the study population are presented in Table 1 . Patients' current medication was classified as use or nonuse of each medication (Table 1) . Many patients were, however, on a combination of medications and no patients were untreated at the time of CSF sampling. CSF concentrations of NF-L, MBP, S100B, and H-FABP in patients and controls are displayed in Figure 1 . The concentrations of NF-L, MBP, and S100B correlated significantly with age (positive correlation) and gender (higher in males) in both patients and controls (Supplementary Table S1 ). H-FABP correlated significantly with age (positive correlation) and with gender (higher in males) at a trend level (Supplementary Table S1 ). None of the markers correlated with BMI. Thus, age and gender were used as covariates in further statistical analyses. The concentrations of NF-L were significantly higher in BD patients compared with controls (p ¼ 0.001, Table 2 ). The concentrations of MBP, S100B, and H-FABP were not significantly different between patients and controls (Table 2) .
CSF Markers in Relation to Diagnosis and Clinical Characteristics
We next tested whether alterations in CSF markers were associated with a certain type of bipolar diagnosis and/or variables reflecting disease intensity/severity, that is, history of episodes of psychosis, duration of illness, total number of episodes, CGI score, and GAF-S and GAF-F scores (Table 3) . No correlations were observed between any of these variables and the CSF markers except for a negative association between NF-L and GAF-S-score as well as a positive association between MBP and BDs type II at trend levels (p ¼ 0.070 and p ¼ 0.052, respectively).
CSF Markers in Relation to Medications
The patients in this study continued to take their prescribed medications at the time of CSF sampling ( 
DISCUSSION
This is the first study of four established CSF markers that reflect brain injury in a large sample of BD patients and healthy controls. Patients with BD were found to have higher NF-L levels than healthy controls. The concentrations of the other markers (MBP, S100B, and H-FABP) were not significantly different between patients and controls. Neurofilaments, of which NF-L is a subunit, are found in neurons and are particularly abundant in axons where they are major components of the axonal cytoskeleton (Perrot et al, 2008) . Neuronal death or axonal degeneration will result in disintegration of the axonal membrane with a subsequent release of NF-L into the extracellular compartment followed by diffusion into the CSF. Thus, the CSF concentration of NF-L mirrors the degree of acute axonal degradation. Elevated concentrations of neurofilament subunits have been described in many neurological diseases including Alzheimer's disease (Sjogren et al, 2000; Brettschneider et al, 2006) , vascular dementia (Bjerke et al, 2009) , amyotrophic lateral sclerosis (Zetterberg et al, 2007; Lu et al, 2012) , and multiple sclerosis (Salzer et al, 2010) . In multiple sclerosis, the CSF concentration of NF-L is downregulated by treatment with the anti-inflammatory drug natalizumab, indirectly implicating that increased CSF NF-L reflects inflammatory-mediated axonal damage (Gunnarsson et al, 2011) . Furthermore, high NF-L together with normal concentrations of the three core markers for Alzheimer's disease (ie, T-tau, P-tau, and amyloid b) has been shown to be a signature of dementia of the subcortical vascular type, that is, signifying small vessel disease accompanied by white matter changes (Bjerke et al, 2011) . We previously analyzed T-tau, P-tau, and Ab42 in this study population and found normal concentrations of these markers (Jakobsson et al, 2013) , strengthening the theory that pathology of small vessels may be implicated in bipolar disorder.
We found that ongoing treatment with atypical antipsychotics (eg, olanzapine and quetiapine) was associated with high NF-L concentrations. Interestingly, a longitudinal study of patients with schizophrenia suggested that treatment with antipsychotics is associated with decreased brain volume (Ho et al, 2011) . In addition, treatment with atypical antipsychotics is known to be associated with a range of adverse effects on metabolic, neurologic, and/or cardiovascular systems (Cha and McIntyre, 2012) . Even though the current cross-sectional study cannot address causality, it is conceivable that high NF-L in BD patients reflects adverse effects of atypical antipsychotic treatment. Notably, however, patients without atypical antipsychotics also had higher mean NF-L concentrations than controls and we found no significant correlation between NF-L and duration of atypical antipsychotic treatment. This speaks against an antipsychotic-induced brain injury and rather suggests that high NF-L is related to a certain subtype of bipolar patients that is more likely to be treated with atypical antipsychotics. This potential subtype of BD patients appeared to suffer from a more severe illness than patients without this treatment, as shown by lower GAF score and higher CGI score (although none of these variables had a significant direct effect on NF-L). There were, however, no associations between NF-L and subtypes of BD diagnosis, which suggests that NF-L is not a useful diagnostic marker of BD subtypes. It is possible that high NF-L is an indicator of brain injuries that will manifest later in life as cognitive impairments and/ or disease progression. Another hypothesis is that high NF-L reflects subtle neurodevelopmental defects that may be a trait risk factor for BD.
MBP is an important component of the myelin sheath and was early on proposed as a marker for multiple sclerosis as neuronal MBP concentrations rise in response to neuronal damage (Whitaker et al, 1980) . Multiple sclerosis has long been associated with neuropsychiatric disorders where major depression is the most common comorbid disorder (eg, the major depression lifetime prevalence rate in MS patients is three times higher than in the general population) (Minden and Schiffer, 1990) . Interestingly, elevated MBP concentrations were associated with patients with BD type II (trend level) that is more closely related to recurrent major depression. Thus, one could speculate that high MBP concentrations might be an indicator of depression-associated axonal damage similar to the degenerative processes observed in multiple sclerosis patients. We also observed an association between lamotrigine treatment and MBP. Indeed, patients with lamotrigine had significantly higher concentrations than controls, whereas patients without lamotrigine did not differ from controls. This finding accords findings from a clinical trial in which a neuroprotective effect of lamotrigine was tested in MS patients (Kapoor et al, 2010) . Interestingly, the findings were negative and lamotrigine treatment was instead associated with white matter volume loss. Analogous to the interpretation of the NF-L and atypical antipsychotic association, it is possible that high MBP is related to a certain subtype of bipolar patients that is more likely to be treated with lamotrigine. In favor of this hypothesis, we found no significant association between duration of lamotrigine treatment and MBP.
Glial impairment has been suggested to be an underlying pathophysiological mechanism of BD (Rajkowska and Miguel-Hidalgo, 2007) . The results of this study are not directly supporting this hypothesis as the astro-and oligodendrocytic marker S100B was unaltered. Several studies have, however, reported increased serum S100B concentrations during episodes of mania and depression (MachadoVieira et al, 2002; Schroeter et al, 2002; Andreazza et al, 2007; Schroeter et al, 2008) . A study of serum from euthymic bipolar patients, however, reported no differences in S100B, in line with the finding in the current study (Andreazza et al, 2007) . It is possible that elevated CSF concentrations of S100B could have been detected in the current study if patients had been in a depressive or manic state. Thus, it cannot be excluded that S100B-related brain injuries and glial impairment are associated with the pathophysiology of BD. Biomarker concentrations in serum and CSF are, however, in many cases not correlated, and this can also explain the discrepancy between our study and previous studies. Importantly, S100B expression has been reported in several nonneuronal cells including adipocytes, melanocytes, chondrocytes, myocardium, and Schwann cells (reviewed by Schroeter et al, 2013) . It is thus possible that manic and/or depressed episodes, as well as medications, affect S100B expression in these cells, resulting in increased S100B serum concentrations.
The CSF H-FABP concentrations were also unaltered in BD but we observed a slight elevation in lithium-treated patients. It is, however, unlikely that this elevation reflects neuronal loss as lithium treatment previously has been found to increase gray matter volume (Moore et al, 2000) . In addition, we found no significant association between duration of lithium treatment and H-FABP. The lithiumtreated group in this study population represents mostly bipolar type I patients and patients with a history of psychotic episodes, although none of these variables were directly associated with H-FABP.
The cross-sectional design of the current study precludes causal inferences, which warrants longitudinal studies. Another limitation of this study is that many patients were on a combined treatment that might have influenced biomarker concentrations. In addition, no information about clinical status at treatment initiation or treatment history was available. This is the first study assessing these brain injury markers in BD and in order to avoid type II errors we chose not to adjust for multiple comparisons in the post hoc analyses. High NF-L in BD as well as the association between MBP and lamotrigine would, however, remain significant even after implementation of correction for multiple testing (ie, Bonferroni correction), whereas the other associations would not survive correction for multiple testing. Despite this, the associations may suggest important directions for future clinical and experimental studies, although verification of the current findings in an independent sample population is desirable before drawing any definite conclusions.
We conclude that the mean concentration of NF-L is elevated in BD patients as compared with healthy controls. This finding suggests axonal damage as an underlying neuropathological component of BD. However, the usefulness of NF-L as a BD biomarker remains to be elucidated in follow-up studies. In addition, we conclude that MBP and H-FABP might have a potential for biomarkers to monitor adverse and/or therapeutic effects of lamotrigine and lithium, respectively.
